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independently of nuclear targets. Finally, it reveals that MNK-1 has a pivotal role in cocaineinduced connectivity.
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INTRODUCTION
Cocaine administration induces long-lasting changes in behaviors that result from synaptic plasticity and morphological changes in neurons of the brain's reward circuitry (1, 2) . Cocaine increases dopamine (DA) in the Nucleus Accumbens (NAc) (3), with dendritic spines from striatal projection neurons (SPN) receiving glutamate inputs informative of contextual information, together with DA inputs that code for reward signals (4, 5) and modulate the efficacy of glutamatergic synapses (6, 7) . Most studies assessing structural changes in the striatum have focused on the observation of dendritic spine density changes induced by chronic cocaine in the adult striatum. However, in-depth studies of synaptogenesis and connectivity changes, which require the analysis of both pre and postsynaptic elements (8,9), remained largely unexplored until recently. To assess this issue we have set up a method that allows for 3D automated morphological analysis of synaptic connections onto SPN (10).
Using VGLUT1
Venus mice, which express the vesicular glutamate transporter 1 (VGLUT1), a presynaptic protein present in afferents from cortices (neocortex, hippocampus and amygdala) fused to the fluorescent protein Venus (11), we showed that new spines formed after chronic exposure to cocaine were indeed connected to presynaptic cortical terminals (10). How and when these new glutamatergic synapses are formed within the striatum still remains a key issue, which has to be addressed to disentangle the cellular bases responsible for the initiation of neuronal plasticity mediated by cocaine. It was recently shown that DA gated glutamate driven spine enlargement in the NAc in a narrow time window, thereby providing a mechanism for reward-driven learning at the level of the dendritic spine(12). Furthermore, the synergistic interaction between D1R and glutamate NMDA receptor induces activation of the MAPkinase/ERK (extracellular-signal regulated kinase) pathway (13-15), which plays a key role in cocaine-induced neuronal and behavioral adaptations (16) (17) (18) (19) . The ERK pathway also regulates spine formation induced by chronic cocaine administration onto SPN expressing the M A N U S C R I P T
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DA receptor of type 1 (D1-SPN) (20, 21). Classically, these long-term adaptations are thought to rely on gene transcription and epigenetic regulation (22). However, it was recently demonstrated that a single injection of cocaine was sufficient to cause an ERK-dependent synaptic plasticity and subsequent behavioral adaptations induced by a second administration of cocaine (23, 24). We therefore hypothesized that a single injection of cocaine was able to induce a rapid and stable modification of striatal connectivity. To address these issues, we investigated the changes in glutamatergic connectivity, along with the rules of synapse formation, as well as the associated molecular mechanisms. We bring evidence that an acute administration of cocaine is able to induce stable synaptic rewiring in the NAc and demonstrate that the ERK pathway plays a dual role in the growth and stabilization of new spines in D1-SPN.
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METHODS AND MATERIALS
Animal care.
Animal care of wild-type C57BL/6 and VGLUT1-venus knock-in was conducted in accordance with standard ethical guidelines (NIH publication no. 85-23, revised 1985 and European Committee Guidelines on the Care and Use of Laboratory Animals 86/609/EEC), and the experiments were approved by the local ethic committee.
In vivo treatments, tissue preparation.
Intraperitoneal injection of cocaine was performed. When indicated anisomycin (100 mg/kg) or SL327 (50 mg/kg) were injected intraperitoneally 30 min and 60 min, respectively, prior to cocaine. For CGP57380 treatment, cannulae were pre-implanted in the NAc shell in anesthetized 7-8 weeks-old mice. One week later, unilateral injections of 10 mM CGP57380
were performed, along with contralateral vehicle injection, followed by cocaine administration 15 min later. Mice brains were fixed in situ after intracardiac perfusion of paraformaldehyde (PFA) and coronal sections were cut with a vibratome. Dendrites were labeled with DiI using diolistic method.
Dendritic spine analysis, segmentation of presynaptic boutons and detection of synaptic contacts from confocal images.
Dendritic spine detection was performed using the Neuronstudio software and data were imported into ImageJ for custom 3D automated spine heads segmentation. Segmentation of VGLUT1 objects and detection of synaptic contacts were performed in 3D as described previously (10). Border to border distance between each spine head and all VGLUT1 objects was computed and the synaptic contact was decided for a distance of zero, meaning that the two objects overlap.
Viral infections and preparation of slices for two-photon microscopy.
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The AAVrh9-PPTA-Cre viral construct contains an expression cassette consisting of the Cre recombinase driven by the promoter of PPTA (precursor of substance P) gene, which is specifically expressed in SPN expressing D1R (12) an increase one hour after cocaine administration, which was better revealed in c-Fos positive neurons ( Figures 2B, C) . One week after cocaine administration, spine head volume, but not spine length, was still larger in cocaine-treated mice as compared to saline controls ( Figures   2D, E) . The increased volume of spine heads corresponded to an increase in mushroomshaped spine density that was significantly increased one hour and one week after a single cocaine administration ( Figures 2F, G) , indicating a rapid maturation of the newly-generated spines.
Synapse formation occurs in clusters with spines connecting pre-existing presynaptic boutons
The total density of VGLUT1-positive boutons in the NAc-shell was not increased either one hour or one week after cocaine administration ( Figures 3A, B , left panels). Since synaptogenesis occurred, this indicates that new spines contact pre-existing presynaptic boutons. Accordingly, the occurrence of spines connected to a common VGLUT1-positive bouton -an observation reported in electron microscopy study (26)-was increased one hour and one week after cocaine injection ( Figure 3A , B, right panels). The rules of synapse formation were further studied using live imaging in acute adult striatal slices. In order to recapitulate the effects of cocaine on SPN, we applied a co-stimulation with a low dose of glutamate together with a D1R agonist, as previously shown (13, 14). As expected, the costimulation, but not the application of each agonist independently, induced ERK activation and increased spine density and synaptic contacts in the NAc-shell (Supplemental Figure S2 ).
Time-lapse experiments were performed on D1-SPN since cocaine induces ERK activation 
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(Supplemental Figure S3A , B). Striatal slices were performed two weeks after viralinfections, and time-lapse imaging of D1-SPN was performed by two-photon microscopy.
Dendritic spine growth occurred as soon as 25 minutes after the beginning of the costimulation, and reached a plateau at 60 min ( Figure 3C , D) and was absent when the selective D1R antagonist SCH23390 was applied (Supplemental Figure S3C) . The amplitude of spine density increase at one hour was +21% (Fig. 3E) .
A single cocaine administration occludes synaptic potentiation induced in striatal slices (23).
We next tested whether previous cocaine administration could alleviate the spine growth The connectivity and functionality of spines observed in time-lapse were then explored. In acute slices from VGLUT1 venus mice 62.8% of spines induced by the co-stimulation were in contact with a VGLUT1-positive bouton (5 mice, n = 35 spines). Newly-generated spines entered in contact with a VGLUT1-positive bouton that was in all cases present before spine growth (5 mice, n = 22 spines) ( Figure 3F ), which is consistent with our in vivo observation of increased density of synaptic contacts along with constant density of VGLUT1 boutons upon acute cocaine. In order to assess the functionality of the newly formed spines, the viruses M A N U S C R I P T
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responded by an increase in calcium content. These functional spines had a bigger head diameter than the newly formed spines that did not respond to the stimulation ( Figure 3G ).
This kinetics of maturation is in accordance with previous studies from other neuronal types (29-32). The fact that new spines contact axonal boutons already in place raised the question as to whether synaptogenesis could be driven by a stochastic spine growth. We generated an in silico simulation of synaptogenesis from random positions on the dendrite, and found that it did not reproduce the experimental data (Supplemental Figures S5A, B) . Moreover, the analysis of spine distribution in vivo revealed a bimodal distribution with a high proportion of adjacent spine heads, which was increased after cocaine exposure (Supplemental Figures 
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We next investigated the signaling pathways involved in spine formation induced in striatal slices one hour after the co-stimulation. A pretreatment with U0126, a selective inhibitor of the ERK pathway, abolished the spine density increase induced by the co-stimulation ( Figure   5A ), revealing that the ERK pathway is necessary for spinogenesis. Similarly, rapamycin an inhibitor of the mammalian target of rapamycin (mTOR) pathway completely blocked the increase in spine density induced by co-stimulation in slices ( Figure 5B ). Since the ERK and mTOR pathways converge on the control of protein synthesis via the eiF complex, we investigated the possible implication of MNK-1, a cytoplasmic substrate of ERK, which activates the eIF complex to initiate protein translation (34)( Figure 5C ). An increase in phosphorylated MNK-1 (pMNK-1) positive cells was measured by immunodetection in the NAc twenty minutes after co-stimulation ( Figure 5D ). Slices were then pre-treated with CGP57380, a specific inhibitor of MNK-1 activation, which totally inhibited the increase in spine density induced by the co-stimulation ( Figure 5E ).
In order to gain further insights into the specific role of ERK and MNK-1 in spine growth and maintenance, we used time-lapse imaging from striatal slices ( Figure 6A Whether VGLUT1 afferences arising from hippocampus, cortex or amygdala are similarly engaged onto new synapses remain to be established. On the other hand, we reveal that thalamic, VGLUT2-positive, synaptic contacts are generated after a single administration of cocaine. Along with previous work showing a plasticity of thalamo-striatal synapses upon chronic cocaine treatments (48, 49), our results pave the way for future study on the role of thalamic inputs on D1-SPN in long term adaptation induced by cocaine. In line with our results, it was previously observed that acute cocaine induces an increase in spine density in dopaminergic neurons (50) and in the prefrontal cortex (28), although those studies did not assess the connectivity of dendritic spines. Our results bring evidence that acute cocaine is a first essential step that primes the meso-cortico-limbic connectivity, which implies that subsequent cocaine action will operate on a modified network.
Our results also unravel the rules of synapse formation that leads to this connectivity change. Previous studies showed that new spines could make contact with pre-existing show that newly-formed spines rapidly form synapses with pre-existing glutamatergic boutons. Moreover, we observed in vivo spine clusters in contact with a single bouton, which implies a temporal and spatial synchrony of the glutamatergic inputs on these spines. In conclusion, our observations of both pre and postsynaptic elements combined with a model of spinogenesis, which includes the constraint of synaptic contact formation, allows a better understanding of the rules of connectivity changes in the adult striatum. 
